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ABSTRACT 
 
Directly modulated vertical-cavity surface-emitting lasers (VCSELs) are the dominant digital light source in short-
haul data communication links. To address the ever-increasing demand for improved performance, namely the 
power consumption, data rate, and device reliability, single mode proton-implanted photonic crystal vertical-cavity 
surface-emitting lasers have been designed and fabricated for high power and high speed operation. To characterize 
performance of these devices, we perform DC and small signal modulation analysis.  Impedance characteristics and 
electrical parasitics are studied for various photonic crystal designs to understand factors which limit high speed 
modulation. Photonic crystal designs are found to have low differential resistance, but high parasitic capacitance. By 
including a diffusion capacitance term in the modulation response equation, scattering parameter fitting suggests the 
diffusion capacitance to be the limiting factor of intensity modulation. Extracted parameters from DC, impedance, 
and modulation response measurements are cross-checked to verify accuracy.  
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CHAPTER 1  
INTRODUCTION 
 
1.1 HIGH SPEED VCSELS FOR OPTICAL INTERCONNECTS 
 
Methods of communication between people have seen enormous progress since the 19th century. At first, speech 
communication would be limited by earshot and written communication over long distance was slow. New 
technologies, including the telegraph, telephone, radio, and television, greatly improved our ability to communicate 
ideas. Early communication technologies in the 20th century, such as the telephone and television, were analog 
systems. At the time, analog systems offered advantages of simple designs and cheap manufacturing. However, 
analog systems are sensitive to noise and errors, so data transmission capacity was limited. Digital systems, where 
information is discretized into binary code, offer error correction and robustness against noise while dramatically 
increasing the information content into the same space or spectrum that analog signals occupy. Even with the 
advantage of digital signals, bandwidth of electrical channels using copper cables for data transfer is expected to be 
limited by signal attenuation, skin-effect, and cross-talk [1], [2]. These effects in turn require the need for signal 
amplification, which constrains the reach of the interconnect and increases the cost. For further improvement to the 
digital communication systems, electrical channels have been replaced by optical interconnects. Unlike electrical 
systems, optical systems aim to transmit data by sending light through fiber optic cables. Semiconductor diode lasers 
became the light source of choice for communication applications because they can be directly electronically 
modulated, cheaply manufactured, and easily coupled to optical fibers.  
For dense, high speed, digital communication over long distances, optical technologies offer significant 
advantages over electrical counterparts. For example, the absence of photon-photon interaction leads to a reduction 
of crosstalk between channels [2], whereas electrical channels experience crosstalk due to electromagnetic 
interference between electrons. Electrons also interact with their environment more than photons. This allows 
photons to travel greater distances without loss, and so better signal integrity can be achieved. A common 
misconception is that optical technology is superior because photons travel faster than electrons. While it is true that 
drift velocity of electrons is on the order of a few cm per hour, information is instead carried by an electromagnetic 
field governed by the phase velocity of the electrical signal, which can be close to the speed of light. For the photon, 
the transmission of data is proportional to the speed of light in the material, which is characterized by the refractive 
index. It is important to remember that loss and dispersion are the qualities that make optical signals advantageous 
and these are qualities that can continuously be improved.  
Optical interconnects require multiple components and technologies. First, electrical circuity is required to 
provide a source of electrical signals and data. Next, a light source must convert electrical signals to optical signals. 
A fiber optical cable is needed to capture this light and transmit the information over some distance with minimal 
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loss. Finally, a photoreciever on the other end of the fiber must capture the optical signal and convert back to 
electrical signal. This electrical signal is now available to use by the receiving party.  
With the worldwide adoption and expansion of the internet, as well as the need for faster computation, the 
need for low cost, high performance, digital data transmission became obvious during the 1990s. In 1998, the IEEE 
adopted standards defining the framework and technologies to be used for physical communication between 
computers known as IEEE 802.3z, popularly referred to as Gigabit Ethernet [3]. As part of the standards, vertical-
cavity surface-emitting lasers (VCSELs) emitting at 850 nm were chosen to be included in the list of semiconductor 
laser technologies used for fiber optic communication. This was the first commercial VCSEL application, which 
continues to the present. However, the path to adoption was not easy. In the years leading to the standards, VCSELs 
fought a lopsided battle against other proven laser diode technologies. New to this application space, manufacturing 
companies had not yet demonstrated that VCSELs have the scalable performance, low-cost manufacture, and 
particularly the reliability needed to garner the respect and trust of the industry. Fast growing optical networks riding 
the wave of the internet boom of the late 1990s to early 2000s searched to replace expensive single mode fibers, and 
1310 nm laser diodes developed for long distance transmission with new lower-cost alternatives. After developing 
cost-effective fabrication and extensive reliability testing, the industry was convinced and commercial VCSELs 
began to be deployed in millions of optical interconnects at the start of the 21st century. What followed was an 
explosion of VCSEL manufacturing. In 2001, on the order of 8 million VCSELs were deployed annually as fiber 
optic interconnects, optical mice, etc. [3]. BCC Research reports that in 2016, the VCSEL market had an estimated 
revenue of $800 million with more than a billion VCSEL-based interconnects deployed in the field, and by 2020 the 
revenue estimates increase to $2.1 billion [4]. 
Compared to alternative digital light sources such as edge emitting and distributed feedback lasers, 
VCSELs offer advantages in fabrication, cost, and reliability.  Surface normal emission allows on-wafer testing, 
low-cost high volume production, and scalability to multi-element 2-dimensional arrays. Highly reflective mirrors 
allow for smaller active region volume, which implies high intrinsic direct modulation bandwidth. The isotropic 
transverse optical confinement of the VCSEL produces a circular beam shape, which can efficiently be coupled into 
an optical fiber. On the other hand, edge emitters have cleaved facets, large gain region volume, an elliptical beam 
shape, and wider availability of operating wavelengths. Because of these properties, edge emitters dominate high 
power applications such as laser cutting, DVD reader/writer, and long-haul fiber communication. Cost effective 
VCSELs are instead ubiquitous in low power applications such as short-haul data communication, optical mice, and 
other consumer electronics. Demand for VCSELs in future high end applications such as gesture recognition, 3-D 
imaging, and optical sensing is also growing.  
In the first and still dominant application of VCSELs, short-haul optical data communication, there is 
demand for cheaper and faster modulating VCSELs. By 2019, Cisco projects internet traffic of over 100 terabits per 
second [5]. To support the internet data traffic, commercial VCSEL interconnects today have single lane-rates of 28 
Gb/s up to a few hundred meters. To meet future demand, these interconnect lanes are expected to reach speeds of 
100 GB/s [6]. Finally, interconnect specifications will still require VCSELs to have cost-effective fabrication and 
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long device lifetime, but also with lower power consumption, longer transmission distance, and reliable operation 
under temperatures up to 85 oC [7].  
Current Ethernet standards employ OM3 and OM4 multimode fiber optimized for 850 nm lasing 
wavelength. The digital transmission bandwidth carried by these optical fibers is limited by signal attenuation and 
dispersion, where the latter becomes increasingly more important as the data rate increases. Because of these 
requirements, future generations of VCSELs need to have single mode emission with narrow spectral width to 
mitigate both modal and chromatic dispersion. Since single mode emission generally lends itself to lower output 
power, it is a challenging task to optimize VCSEL designs to obtain all desired output characteristics 
simultaneously, particularly for data rates exceeding 25 Gb/s. 
 
1.2 SINGLE MODE VCSELS 
 
Achieving single mode emission in a VCSEL, where only the fundamental mode is lasing, requires careful design of 
the transverse confinement of the optical mode. Common techniques of transverse confinement include oxide 
confinement [8], thermal lensing from ion implantation [9], or index-guiding from an etched air-post [10]. For 
oxide-confined VCSELs, the diameter of the optical aperture that is defined by the index variation between the 
semiconductor and the surrounding oxide can be reduced such that only the fundamental optical mode is supported. 
However, the small aperture size leads to increased current density, which can cause heating and inferior device 
reliability [11]. Single mode operation utilizing ion implantation presents additional challenges. During 
implantation, lateral straggle of implantation particles limits the smallest current aperture that one can reliably 
manufacture. Additionally, the optical aperture defined by thermal lensing, due to device heating, is related to the 
injection current; so control of lateral optical modes can be challenging [12]. Other methods to achieve single mode 
VCSEL emission include a combination of ion implantation and oxidation [13], phase tuning through an etch [14], 
or leakage of higher order modes [15].   
The technique used to achieve single mode operation for our study is a photonic crystal etched through the 
top distributed Bragg reflector mirror of a VCSEL to create a low contrast index step that supports a single mode 
and introduces additional loss for higher order modes [16]. In general, a photonic crystal is defined as a periodic 
refractive index variation. In our application, the photonic crystal is manifest within a VCSEL as a 2-dimensional 
pattern of air holes etched into the top mirror. The photonic crystal design was first applied to a VCSEL in 2001 
[17], where the idea of photonic crystal waveguiding migrated over from photonic crystal fibers [18]. It was 
proposed as an alternate method of transverse optical confinement. The operational principle behind a photonic 
crystal design is to define an index profile within an optical waveguide where, ideally, only the single fundamental 
mode will propagate. In the case of photonic crystal VCSELs, the photonic crystal region has a reduced effective 
index as compared to the unetched semiconductor. Hence a missing hole in the photonic crystal pattern creates an 
optical cavity with a larger index surrounded by the lower effective index of the photonic crystal. Because of the 
index difference between the core (semiconductor) and cladding (photonic crystal), the optical modes will be weakly 
confined in the waveguide. If the higher order modes have electric field maxima overlapping photonic crystal holes, 
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they will experience greater loss [16], causing single mode emission from the VCSEL. Since a photonic crystal 
design provides an optical aperture only, the current aperture can be separately defined and optimized [19]. For 
comparison, other methods for optical confinement in VCSELs, such as oxide confinement or ion implantation [20], 
require small optical apertures for single mode, but the small aperture also confines current into a small area, giving 
rise to high series resistance and heating. For example, an oxide confined VCSEL with a data rate of 57 Gb/s was 
reported with an operating current density of 20 kA/cm2 [21], [22], which is significantly greater than approximately 
10 kA/cm2 maximum targeted by the industry to maintain long device lifetime. In contrast, photonic crystal 
VCSELs operating at 25 Gb/s have shown current densities as low as 5.4 kA/cm2 [23]. 
The Photonic Device Research Group at the University of Illinois began to study photonic crystal VCSELs 
in the early 2000s [24]. Various photonic crystal parameters such as etch depth, hole size, and periodicity were 
found to strongly affect VCSEL performance [25]. VCSELs with photonic crystal defined optical aperture and oxide 
confined current aperture showed performance up to 2.5 Gb/s with 3 mW output power [26]. With design 
optimization of the photonic crystal, and the use of ion implantation instead of oxide current confinement, photonic 
crystal VCSELs showed a data rate of 25 Gb/s transmitted over 1 km of optical fiber [23]. Now with further 
improvements to the photonic crystal design described in Chapter 2, we characterize the performance of the present 
generation photonic crystal VCSELs.  
 
1.3 SCOPE OF WORK  
 
The focus of this thesis is to understand the effects of various photonic crystal designs and patterns on the direct 
high speed modulation of 850 nm VCSELs. Optical and electrical measurements using DC and modulated current 
injection are performed, and S-parameters are analyzed to understand electrical parasitics of photonic crystal 
VCSELs. Multiple VCSEL parameters relevant to high speed modulation are extracted and compared between 
different photonic crystal VCSEL designs. Chapter 2 introduces the photonic crystal VCSEL design and fabrication, 
and summarizes static characteristics of select photonic crystal VCSEL designs. Chapter 3 discusses theory of direct 
modulation using rate equations. The modulation response is derived with additional terms included to account for 
electrical parasitics. Chapter 4 introduces scattering parameters and presents the scattering parameter data collected 
for this analysis. The scattering parameter fitting and analysis is presented and extracted parameters from DC, 
impedance, and modulation response measurements are cross-checked to verify accuracy. Chapter 5 summarizes the 
results and suggests future improvements for photonic crystal VCSELs for increased modulation bandwidth.  
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CHAPTER 2  
VCSEL DESIGN AND FABRICATION 
 
2.1 INTRODUCTION  
 
This chapter introduces the photonic crystal VCSEL characterized for this thesis. The first section describes the 
physical structure of the device. The photonic crystal design variations are introduced. The second section shows 
DC performance of the devices, and focus will be placed on designs that show improved output power and 
bandwidth.  
There have been many proposed VCSEL designs for high speed intensity modulation and impressive 
experimental results have been achieved [22], [27]–[34]. To date, the fastest reported data rate of a VCSEL in back-
to-back configuration with electronic equalization is 71 Gb/s by a collaboration between IBM and Chalmers 
University [27]. With the use of equalization at the receiver and a single mode VCSEL, an impressive bandwidth-
distance product of 50 Gb/s over 2.2 km has also been achieved [33]. In 2013, 25 Gb/s over 1 km using a highly 
single mode ion-implanted photonic crystal VCSEL was reported [34]. Photonic crystal VCSELs are thus a 
promising solution for high speed digital communication links due to single mode emission and high data rate 
operation at low current density to support long-lived laser reliability.   
The photonic crystal VCSEL structures studied here are similar to those presented previously [34]. A cross 
section sketch is shown in Fig. 1. The VCSEL epitaxial structure includes a top 23 period p-type distributed Bragg 
reflector (DBR) mirror and a bottom 36 period n-type DBR mirror on an undoped GaAs substrate, both of which 
surround an active region with unstrained GaAs quantum wells emitting at 850 nm. The DBR mirror periods consist 
of alternating Al0.10Ga0.90As and Al0.90Ga0.10As layers. Briefly, laser fabrication starts with deposition of SiO2 etch 
mask. Photolithography is used to define the mesa and photonic crystal pattern, and reactive-ion etching (RIE) is 
used to transfer the pattern onto the SiO2 mask. Next, photolithography is used to define a circular aperture for a 330 
keV proton implantation with 5x1012 cm-2 dose. After proton implantation, inductively coupled plasma RIE is used 
to etch the mesa and photonic crystal pattern to a depth that is 90-100% through the top DBR mirror. The final steps 
include deposition of n-type bottom contact, p-type top contact, planarization using HD-4000 polyimide, and 
deposition of ground-signal-ground coplanar contacts for high speed on-wafer testing.  
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Figure 1: Cross section of a photonic crystal VCSEL. 
 
The photonic crystal patterns consist of a hexagonal array of circular holes as depicted in Fig. 2. Each photonic 
crystal pattern has additional design variations where the pitch, a, and the hole size, b, implant aperture diameter, 
and metal opening (defined in Fig. 2(b)) are varied as described in Table 1.  Summing all photonic crystal pattern 
and aperture design variations, there are 70 unique photonic crystals VCSELs available for evaluation. The focus of 
this paper will be to study how the photonic crystal design parameters affect the DC and intensity modulation 
performance.  
 
 
Figure 2: (a) Photonic crystal patterns. (From top left) Pattern 1: control device without a photonic crystal pattern. 
Patterns 2-4: three, two, and one concentric rows of equal sized holes surround the cavity, respectively. Pattern 5: 
three concentric rows of holes where the inner holes are offset and their diameter is reduced to 1.75 μm. Pattern 6: 
three concentric rows of holes with inner hole diameter reduced to 1.75 μm. Pattern 7: two concentric rows of holes 
with inner hole diameter reduced to 1.75 μm. (b) Sketch of the photonic crystal design parameters. 
 
 
 
 
 
 
(a) (b) 
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Table 1: Design variations for each photonic crystal pattern. 
Design  b/a a (μm) b (μm) 
Metal opening 
(μm) 
Implant aperture 
(μm) 
Optical aperture 
(μm)  
1 0.6 5 3 13 17 7 
2 0.7 4.5 3.15 12.15 16.15 5.85 
3 0.6 4.5 2.7 11.7 15.7 6.3 
4 0.7 4 2.8 10.8 14.8 5.2 
5 0.6 4 2.4 10.4 14.4 5.6 
6 0.7 3.5 2.45 9.45 13.45 4.55 
7 0.6 3.5 2.1 9.1 13.1 4.9 
8 0.5 3.5 1.75 8.75 12.75 5.25 
9 0.7 3 2.1 8.1 12.1 3.9 
10 0.6 3 1.8 7.8 11.8 4.2 
 
2.2 STATIC CHARACTERISTICS 
 
This section presents typical DC characterization of the photonic crystal VCSELs, which includes output light, 
applied voltage, and differential resistance vs. current, examples of which are shown in Fig. 3.  The data of Fig. 3 
correspond to photonic crystal VCSEL design 6 (see Table 1) with photonic crystal patterns 5, 6, and 7 (see Fig. 2). 
These photonic crystal patterns generally result in a larger diameter optical cavity, which should increase the 
VCSEL output power. Figure 3(b) gives the differential resistance, determined from the derivative of the current-
voltage plot in Fig. 3(a). Table 2 presents the averaged DC laser parameters for all measured VCSELs with photonic 
crystal design 6. Approximately 400 photonic crystal VCSELs from an area of the wafer are characterized and 
averaged for the parameters shown in Table 2.  
 
Figure 3: (a) Output light and applied voltage versus injection current and (b) differential resistance for photonic crystal VCSEL 
with pattern 5, 6, and 7 and design 6. 
 
Compared to our earlier photonic crystal VCSELs reported previously [34], the lasers here exhibit up to 3-
fold increase in output power with the differential resistance ranging from 30 to 70 Ω. These values of differential 
resistance are advantageous for high speed applications since the laser input impedance is relatively closely matched 
(a) (b) 
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to a standard 50 Ω input. Also, high rollover/threshold current ratio is important to achieve high photon cavity 
density necessary for high bandwidth. In addition, photonic crystal VCSELs with designs 3-10 exhibited single 
transverse mode behavior with >20 dB side mode suppression ratio for injection currents varying from threshold to 
rollover. An example of optical spectral data showing >30 dB side mode suppression is shown in Fig. 4.  
 
Figure 4: Optical spectrum data showing >30 dB side mode suppression at 2xthreshold, 4xthreshold, and 5.4xthreshold. 
 
Table 2: Summary of DC characteristics for each photonic crystal pattern based on design #6. 
Pattern 
Threshold 
Current (mA) 
Rollover 
Current (mA) 
Max Power 
(mW) 
Rollover/
Threshold 
Differential 
Resistance (Ω) 
1  3.2 27.0 3.8 7.2 30.5 
2  2.7 14.1 0.7 5.3 66.6 
3  2.6 14.4 0.7 5.5 62.4 
4  3.2 18.8 0.6 5.8 38.5 
5  2.3 16.7 1.5 7.6 45.5 
6  1.9 16.1 1.6 8.4 43.5 
7  2.2 17.1 1.7 8.0 42.0 
 
 Comparing the DC characteristics in Table 2 with the photonic crystal pattern details in Table 1, there are 
several trends to point out. First, the photonic crystal patterns 5, 6, and 7 (smaller offset inner holes and thus larger 
optical cavity) yield lower threshold, higher output power, high rollover/threshold ratio, and lower differential 
resistance. Thus, the effect of the smaller diameter/offset holes is to increase the cavity cross section area in a 
manner that also reduces the optical loss. Curiously, the comparison of patterns 2-4 shows little change in threshold 
current, rollover current, and output power, as the number of rows of holes surrounding the cavity is reduced. 
However, the reduction of series resistance with reduced number of rows of holes is clear, which arises because less 
semiconductor volume is etched away. This suggests that device performance is more sensitive to inner hole 
parameters.
9 
 
CHAPTER 3 
THEORY OF DIRECT MODULATION OF DIODE LASER 
 
3.1 DERIVATION OF MODULATION RESPONSE 
 
Intensity modulation of semiconductor laser diodes by directly varying the injection current, which is called direct 
modulation, is the simplest and most common form of creating and sending digital optical signals. Electrical 
interconnects are by default directly modulated such that a voltage amplitude varies between two defined logic 
states, typically derived from complementary metal-oxide-semiconductor (CMOS) circuits. As previously discussed, 
optical interconnects use two defined light intensity states to send bits of information. To accomplish this, in 
principle a current source can drive the VCSEL to operate at two intensity levels which are both above lasing 
threshold. However, due to the low drive current requirements for the VCSEL, CMOS circuits can directly drive the 
VCSEL. Hence a (voltage) signal is sent to a VCSEL through electrical contacts, and the corresponding current 
sourced is converted to a varying optical amplitude as the output of the laser. This laser emission can be coupled into 
an optical fiber and transmitted to a photodetector, which converts the optical signal back into an electrical signal. 
Note that the photodetector will produce corresponding photocurrent, and a transimpedance amplifier is used to 
convert photocurrent to a digital voltage signal appropriate for input into CMOS circuitry. 
To understand how much digital information a VCSEL can transmit per second, the small signal response 
of the laser can be studied to determine bandwidth limitations. The small signal response is derived via the following 
rate equations describing the process of converting electrons into photons [35]: 
 
𝑑𝑁(𝑡)
𝑑𝑡
= 𝜂𝑖
𝐽(𝑡)
𝑞𝑑
−
𝑁(𝑡)
𝜏
− 𝜈𝑔𝑔(𝑁)𝑆(𝑡) (1) 
 
 
𝑑𝑆(𝑡)
𝑑𝑡
= Γ𝜈𝑔𝑔(𝑁)𝑆(𝑡) −
𝑆(𝑡)
𝜏𝑝
+ 𝛽𝑅𝑠𝑝(𝑁). (2) 
In Eqs. 1 and 2, the following terms are defined: 
𝑁 – carrier density 
𝐽 – current density 
𝑆 – photon density 
𝑞 – unit charge  
𝜂𝑖 − injection efficiency  
𝑑 – active region thickness  
𝜏 − carrier life time  
Γ − confinement factor  
𝜏𝑝 −  photon lifetime  
10 
 
𝛽 −spontaneous emission factor  
𝑅𝑠𝑝 − spontaneous emission rate per unit volume  
 
Equation 1 describes rate of change of electrons/holes (𝑑𝑁/𝑑𝑡), which depends on rate of injected 
electrons (
𝜂𝑖𝐽(𝑡)
𝑞𝑑
) , minus non-radiative recombination (𝑁(𝑡)/𝜏), and minus radiative recombination (𝜈𝑔𝑔(𝑁)𝑆(𝑡)). 
Equation 2 similarly describes rate of change of photons, depending on rate of stimulated emission (Γ𝜈𝑔𝑔(𝑁)𝑆(𝑡)) , 
minus photon loss due to absorption or mirror loss (
𝑆(𝑡)
𝜏𝑝
), plus any spontaneous emission entering into the lasing 
mode (𝛽𝑅𝑠𝑝(𝑁)) . Starting with these equations, one can derive the DC and AC performance of a laser diode. The 
following is a short derivation of small signal behavior of a laser diode.  
To begin, we define the gain coefficient as a factor of carrier density 𝑁,  
 𝑔(𝑁) = 𝑔(𝑁0) + 𝑔
′(𝑁(𝑡) − 𝑁0). (3) 
We assume photon density, 𝑆, is low such that gain compression is not a factor. Later, we include gain compression 
by allowing gain to inversely vary with photon density, 
1
1+𝜖𝑆0
, where 𝜖 is the compression factor. 
Next, we assume the input signal and solution to the differential equation are in the form of sinusoids, 
 𝐽(𝑡) = 𝐽0 + 𝑗(𝑡)  
 𝑁(𝑡) = 𝑁0 + 𝑛(𝑡)  (4) 
 𝑆 = 𝑆0 + 𝑠(𝑡),  
where 𝑗(𝑡), 𝑛(𝑡), and 𝑠(𝑡) are time-varying sinusoidal perturbations on their DC counterparts, 𝐽0, 𝑁0, and 𝑆0. Given a 
frequency, 𝜔, the solutions can be written in phasor form, 
𝑗(𝑡) = 𝑅𝑒[𝑗(𝜔)𝑒−𝑖𝜔𝑡] 
 𝑛(𝑡) = 𝑅𝑒[𝑛(𝜔)𝑒−𝑖𝜔𝑡] (5) 
𝑠(𝑡) = 𝑅𝑒[𝑠(𝜔)𝑒−𝑖𝜔𝑡]. 
Substituting Eqs. 3, 4, 5 into1 and 2, the modulation response can be derived [35] as  
 𝑀𝑖(𝜔) =
𝑠(𝜔)
𝑗(𝜔)
=
𝜔𝑟
2(Γ 𝜏𝑝)/𝑞𝑑 
𝜔𝑟2 − 𝜔2 − 𝑖𝛾𝜔
. (6) 
The resonance frequency is given by  
 𝑓𝑟 =
𝜔𝑟
2𝜋
=
1
2𝜋
√
𝜈𝑔𝑔′𝑆0
𝜏𝑝(1 + 𝜀𝑆0)
. (7) 
The damping factor 𝛾 is given as 
 𝛾 ≈
1
𝜏
+ 𝐾𝑓𝑟
2. (8) 
The K-factor is 
 
11 
 
 𝐾 = 4𝜋2 (𝜏𝑝 +
𝜀
𝜈𝑔𝑔′
). (9) 
An example modulation response as a function of frequency, computed from Eq. 6, is shown for increasing 
values of photon density (which in turn is correlated to increasing DC injection current) in Fig. 5. The frequency 
corresponding to the pronounced peaks for the curves that are not damping limited are approximately the resonance 
frequency.  
 
Figure 5: Example small signal modulation response for various internal photon densities relative to the threshold photon density. 
 
In the limit of small gain compression and converting from photon density to injection current, 
 𝑓𝑟
2 ≈
𝑣𝑔𝑔
′𝜂𝑖(𝐼 − 𝐼𝑡ℎ)
4𝜋2𝑞𝑉𝑚
, (10) 
where 𝐼𝑡ℎ is threshold current, 𝐼 is injection current, and 𝑉𝑚 is mode volume. Equation 10 shows resonant frequency 
increases with injection current, which is consistent with Fig. 5. While the resonant frequency increases with 
increasing injection current, so does the damping factor, as evident by the suppression of the resonant peak. It is 
common in the interconnect industry to define the modulation bandwidth by the 3 dB cutoff frequency, i.e. the 
frequency where the modulation signal decreases to half the value found at DC. At low current injection values, 3dB 
cutoff frequency is approximately related to resonant frequency by 
 𝑓3𝑑𝐵 ≈ √1 + √2𝑓𝑟 . (11) 
Equation 11 indicates that increasing the modulation bandwidth requires increased resonant frequency.  
The limitations of the modulation response given in Eq. 10 can be categorized into intrinsic, thermal, and 
electrical limitations. The intrinsic bandwidth limitation is the damping limited response and is governed by the 
finite electron and photon lifetimes. The damping factor 𝛾, given as 
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 𝛾 ≈ 𝛾0 + 𝐾𝑓𝑟
2, 
       
(12) 
defines the intrinsically limited bandwidth. Damping increases linearly with the square of resonance frequency 
multiplied by the K-factor and offset by 𝛾0, where 𝛾0 is approximately the inverse differential carrier lifetime [36]. 
The intrinsically limited bandwidth is estimated from the K-factor using 
𝑓3𝑑𝐵,𝑑𝑎𝑚𝑝𝑖𝑛𝑔 =
2√2𝜋
𝐾
. (13) 
In practice, it has been found that before a VCSEL (or any semiconductor laser) reaches the intrinsic 
bandwidth limitation, heating and electrical parasitics play a part in limiting the bandwidth [37], [38]. Thermal 
effects can be included in this rate equation analysis by permitting the parameters in Eq. 10 to change with 
temperature.  For example, the parameters differential gain, 𝑔′, and injection efficiency, 𝜂𝑖, both decrease with 
heating, while 𝐼𝑡ℎ increases with heating. These effects cause the output power to reach a maximum at high current, 
where the output decreases with further current increase. The VCSEL injection current corresponding to the 
maximum output power is often referred to as the ‘rollover’ current. Since the photon density is maximum at the 
rollover current, no further increase of bandwidth can be expected. It has been previously shown that a photonic 
crystal etch has minimal impact on thermal impedance of a photonic crystal VCSEL with oxide-defined current 
aperture [39]. A greater cause of concern is bandwidth limitation by electrical parasitics. 
Shunt electrical parasitics can play a large part in limiting the modulation frequency. Parasitic resistive 
elements in series with the active region, such as the top DBR semiconductor mirror, can cause increased ohmic 
heating, leading to higher threshold current. Additional resistance from the active region, dependent on variables 
such as intrinsic region thickness and bias, also contribute to the total resistance. Capacitive elements, such as pad 
capacitance between signal and ground metal contacts, can shunt electrical power away from the active region. 
These RC elements of a VCSEL effectively serve as a low pass filter, setting a parasitic limited cutoff frequency, 𝑓𝑝. 
This can be included in the modulation response equation by adding the parasitic frequency term, which is derived 
simply from the transfer function of an RC filter. The resulting modulation response is then given as  
 𝑀(𝜔) =
1
1 + 𝑖𝜔2𝜋𝑓𝑝
∙ 𝑀𝑖(𝜔).      (14) 
The new three-pole transfer function can be fit to observed data by normalizing and taking the absolute value,  
 |
𝑀(𝑓)
𝑀(0)
|
2
=
1
1 + (𝑓/𝑓𝑝)
2 ∙
𝑓𝑟
4
(𝑓𝑟2 − 𝑓2)2 + (𝛾/2𝜋)2 ∙ 𝑓2
. (15) 
The parasitic pole 𝑓𝑝 does not intrinsically account for the additional diffusion capacitance of the p-i-n diode 
junction [40], [41] as well as the lateral carrier diffusion occurring in the photonic crystal VCSEL [42]. Thus, the 
analysis in this paper uses the additional empirical term 1/(1 + (𝑓/𝑓𝑑)) to describe the parasitic pole caused by 
diffusion capacitance, originally proposed by Olshansky et al. in the analysis of edge-emitting lasers [41]. Therefore, 
for the chapters that follow, the following equation is used to model the photonic crystal VCSEL modulation 
response: 
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 |
𝑀(𝑓)
𝑀(0)
|
2
=
1
1 + (𝑓/𝑓𝑑)
∙
1
1 + (𝑓/𝑓𝑝)
2 ∙
𝑓𝑟
4
(𝑓𝑟2 − 𝑓2)2 + (𝛾/2𝜋)2 ∙ 𝑓2
. (16) 
 
3.2 DIFFUSION CAPACITANCE 
 
Diffusion capacitance arises from nonlinear gain effects due to vertical and lateral carrier transport. Finite 
carrier transport time results in damping of the relaxation oscillation peak and lower 3 dB bandwidth of the 
modulation response. Quasi three-dimensional simulation of modulation response in an oxide confined VCSEL [43] 
shows minority carrier diffusion across the active layer can be limited by carrier accumulation in the active region. 
The carrier accumulation is attributed to spatial hole burning and the barrier formed by the oxide layer. Excess 
carrier accumulation leads to current spreading and carrier leakage, which has significant impact on threshold 
current [20]. Vertical diffusion and carrier leakage are found to be drastically mitigated by employing thin (1-𝜆 to 
𝜆/2 ) and graded active regions [43].  
 
Figure 6: (a) Schematic representation of lateral distribution of optical intensity and carrier density when the optical aperture is 
made smaller than the current aperture. (b) Schematic of a 'sliced' VCSEL demonstrating that each slice has a different resonant 
frequency due to the different field intensity as a function of position. 
 
Lateral diffusion is due to the difference between carrier density and optical intensity, as shown 
schematically in Fig. 6(a). In ion-implanted photonic crystal VCSELs, carriers must diffuse laterally from the ring 
contacts into the center of the gain aperture. However, it has been shown that the effect of slow lateral diffusion has 
little effect on the modulation response and only acts to slightly dampen the relaxation oscillation peak [43]. The 
mechanism behind damping is better explained by the nonuniform lateral field distribution. Fig. 6(b) shows if one 
were to vertically ‘slice’ the VCSEL, the stimulated recombination rate of carriers can be written as a function of 
position, 
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𝜏𝑠𝑡
−1 = 𝑣𝑔𝑔
′(𝑟)|𝐸(𝑟)|2𝑆, 
 
(17) 
where 𝑣𝑔 is group velocity, 𝑔′ is differential material gain, 𝑆 is averaged photon density, and |𝐸(𝑟)|
2 is the 
normalized optical field. Each ‘slice through the VCSEL’ will have a relaxation oscillation frequency as a function 
of position, since: 
 𝜔𝑟(𝑟) = √
1
𝜏𝑠𝑡
1
𝜏𝑝
= √
𝑣𝑔𝑔′(𝑟)|𝐸(𝑟)|2𝑆
𝜏𝑝
. (18) 
Compared to Eq. 7, in Eq. 18 we ignore gain compression 𝜖 and remove the approximation that the 
normalized field |𝐸(𝑟)| is constant in the lateral direction across the active region. When the VCSEL is modulated 
at frequency, Ω, the VCSEL ‘slices’ that have off-resonant frequency, 𝜔r(𝑟) ≠ Ω, will damp the total response of 
the system. Note that both field |𝐸(𝑟)|2 and differential gain 𝑔′(𝑟) are functions of position, and so nonuniformity 
of both terms will conspire to dampen the resulting modulation. The nonuniformity of differential gain arises from 
nonuniform carrier density, as shown in Fig. 6(a). This effect would be especially exacerbated by spatial hole 
burning and lateral carrier spreading. Damping due to lateral diffusion capacitance has been observed in stripe laser 
diodes as increased rise and fall times of the laser output arising from a current pulse [44] and similarly is measured 
for ion-implanted photonic crystal lasers [42].  
In summary, the modulation response function is limited intrinsically by the damping factor, thermally by 
the heat dependent factors, and electrically by the low pass frequency cutoff and diffusion capacitance. In Chapter 4, 
Eq. 16 is used to extract the intrinsic parameters 𝑓𝑑, 𝑓𝑝, 𝑓𝑟 , and 𝛾 by fitting the Eq. 16 to the measured modulation 
response. The extracted parameters allow us to calculate common figures of merit, including K-factor, D-factor, 
modulation current efficiency factor, and intrinsic bandwidth. These figures of merit can then be studied to improve 
in future photonic crystal VCSEL designs. 
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CHAPTER 4  
SCATTERING PARAMETER ANALYSIS 
 
4.1 SCATTERING PARAMETERS 
 
This thesis reports the electrical analysis of photonic crystal VCSELs by performing scattering parameter 
(S-parameter) measurements, fitting small signal measurements as described in Chapter 3 to the electrical 
model/transfer function, and extracting figures of merit. S-parameters in general can be used to describe the 
behavior of a linear electrical network when a perturbing steady state signal is applied. The VCSEL is described by 
a two-port network illustrated in Fig. 7. In the figure, a1 is the incident power wave at port 1, b1 is output power 
wave at port 1, a2 is incident power wave on port 2, and b2 is the output power wave at port 2. 
 
 
Figure 7: Two port network with input and output signals.  
 
The S-parameter matrix is given as 
(
𝑏1
𝑏2
) = (
𝑆11 𝑆12
𝑆21 𝑆22
) (
𝑎1
𝑎2
). 
The individual S-parameters are 
𝑆11 =
𝑏1
𝑎1
 
𝑆12 =
𝑏1
𝑎2
 
𝑆21 =
𝑏2
𝑎1
 
𝑆22 =
𝑏2
𝑎2
. 
𝑆11, known as input return loss, is the amount of power reflected from port 1 when input signal is present at port 1. 
An ideal VCSEL will convert all input electrical power to optical power, so that 𝑆11 = 0. The ideal case is prevented 
by the parasitic resistive and capacitive elements of the VCSEL. Hence, the 𝑆11 measurement can be used to study 
these parasitics. The term 𝑆21, known as insertion loss or small signal frequency response, measures loss of signal at 
the output, 𝑏2, from input 𝑎1, due to the insertion of a device, such as a VCSEL.   
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 Output power is limited not only by reflections at port 1, but also by the less than 100% quantum efficiency 
of the active region, the optical coupling loss of the laser output into the fiber probe, the less than 100% quantum 
efficiency of the photodetector, and the optical loss arising at any other connection or path in the network. However, 
assuming the measurement equipment is not the limiting factor and the additional loss is constant with frequency, 
the output power 𝑆21 can be normalized and related to Eq. 16. This allows extraction of intrinsic VCSEL parameters. 
Finally, 𝑆12 and 𝑆22 are considered irrelevant for VCSEL modulation. The term 𝑆12, known as reverse isolation, is 0 
since input signal at port 2, 𝑎2, can never reach port 1 because of the inherent optical isolation. The term 𝑆22 would 
be a measurement of the return loss of the photodetector, which is considered to be ideal.   
 S-parameter measurements are performed using an Agilent PNA-E8363C vector network analyzer (VNA). 
The DC bias to the VCSEL is provided by a Keithley 236 current source and the VCSEL is probed with a Cascade 
Microtech ACP40 high speed ground-signal-ground probe. The VNA and the probe are rated to 40 GHz. The light 
detection is accomplished using a multimode fiber probe connected to a high speed New-Focus 1434-50 
photodetector. The photodetector has a 3-dB bandwidth of 25 GHz. The VCSEL sample is held on a probe station 
with a CCD camera as sketched in Figure 8.  
 
 
Figure 8: Experimental setup for high speed measurements. The dashed red box represents the reference plane of the vector 
network analyzer. 
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Short-Open-Load-Thru (SOLT) calibration [45] is performed using APC 3.5 mm SOLT Cal kit 85052D. 
Note that this calibration kit only calibrates the VNA to the ends of the RF cables. Accurate 𝑆11 measurements must 
also take the probe into account. This is done by inserting the S-parameters file of the probe, provided by Cascade 
Microtech, into the VNA. Ideally, this moves the reference plane to the end of the probe tips. The dashed red line in 
Figure 8 represents the reference planes of the VNA, indicating that experimentally the device under test in Fig. 7 is 
the combination of the VCSEL, fiber probe, and photodetector. 
 
4.2 ELECTRICAL MODELING 
 
Analysis is performed for both 𝑆11 and 𝑆21 measurements of the scattering parameters measured using an Agilent 
E8363C parameter network analyzer combined with a DC bias from Keithley 236 current source. The 𝑆11 parameter 
can be extracted by fitting the impedance response to an equivalent circuit model [46], [47]. For the simple VCSEL 
circuit model presented in Fig. 9, 𝐶𝑝 represents pad capacitance between ground and signal contacts, 𝑅𝑠 represents 
contact resistance and mirror resistance, and 𝑅𝑎 and 𝐶𝑎 represent resistance and capacitance in the active region, 
respectively. Due to the use of polyimide, the pad capacitance 𝐶𝑝 is expected to be small. Compared to an oxide 
aperture, ion implantation will contribute little capacitance to 𝐶𝑎. Since this structure is a forward biased pn-
junction, 𝐶𝑎 is dominated by diffusion capacitance across the active region or lateral diffusion due to the difference 
between current and optical apertures [44]. However, unlike previous designs [42], we have modified the top metal 
contact such that there is a spatial overlap between the top contact and the un-implanted region inside of the current 
aperture, so as to minimize the lateral diffusion contribution to the capacitance and reduce series resistance.  
Diffusion capacitance is modelled electrically identically to a low-pass RC circuit [48]. However, the 
frequency response of diffusion capacitance is unlike a traditional circuit capacitor. A traditional RC filter is a low 
pass filter because the capacitor impedance, known as capacitive reactance with units of ohms, is calculated as   
𝑋𝑐 = 1/𝜔𝐶. This equation shows the capacitor is a short at high frequency, given constant capacitance. In the case 
of diffusion capacitance, it has been shown that for a forward biased pn-junction, diffusion capacitance is 
approximately proportional to ω1/2 [49] . This frequency dependence is more complicated in the case of laser diodes 
due to the quantum well structure and strong stimulated recombination, but the increase in capacitance as a function 
of resonant frequency can also explain the increase of capacitive reactance. Indeed, Fig. 10 shows junction 
capacitance increases as a function of frequency, measured at increasing injection currents. In contrast, junction 
capacitance from oxide-confined VCSEL measurements [46] is constant as a function of injection current. This 
explains further why capacitance of an oxide-confined VCSEL is due to shorting across the oxide and active layers, 
while capacitance of ion-implanted photonic crystal devices is due to diffusion capacitance.  
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Figure 9: Side view sketch and circuit model of photonic crystal VCSEL. 
 
The circuit model shown in Fig. 9 is constructed in Advanced Design System (ADS) software [50]. The 
simulation is fit to 𝑆11 data by using the optimization feature, where the optimization algorithm is chosen to be the 
simulated annealing algorithm. An example is shown in Fig. 11 for magnitude and phase of S11. This procedure 
ideally finds a global solution and best fit regardless of starting parameters. At first, the fitting parameters, 
𝑅𝑠, 𝐶𝑝, 𝑅𝑎, 𝐶𝑎,  are allowed to vary unbounded. The resulting fits were found to be consistent between different 
starting parameters and datasets. Later, the fitting parameters were loosely bounded to save computation time, and 
the data is refit to produce results shown in Table 3.  
 
Figure 10: Capacitance across the active region as a function of resonant frequency. Values of resonant frequency were extracted 
from modulation response fitting.  
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Figure 11: 𝑆11 measurement and fitting of phase and magnitude. Solid line curves represent data, while dashed curves represent 
fitting in ADS. 
 
The values extracted from 𝑆11 fitting can be cross-checked with DC and 𝑆21 measurements. Resistance 
values can be verified by comparing 𝑅𝑠 + 𝑅𝑎 to the differential resistance determined from current-voltage curves. 
Capacitance can be verified by comparing RC cutoff frequency 𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙  to the parasitic poles, 𝑓𝑝 and 𝑓𝑑, extracted 
from 𝑆21 measurements. The electrical properties extracted from scattering parameter fits presented in Table 3 are in 
compared with values measured by other means in Table 4. The good agreement between values provides 
confidence for our circuit model, fitting, and extraction procedures.  
Open-circuit time constant circuit analysis [37] is used to estimate the 3 dB cutoff frequency from the 
extracted resistor and capacitor values. The time constant related to capacitance 𝐶𝑎 is found by 𝜏𝑎 = 𝐶𝑎[𝑅𝑎||(𝑅𝑠 +
𝑍0)] where 𝑍0 = 50 Ω.  The time constant related to 𝐶𝑝 is found by  𝜏𝑝 = 𝐶𝑝[𝑅𝑝 + ((𝑅𝑠 + 𝑅𝑎)||𝑍0)], where pad 
resistance 𝑅𝑝 is negligible. The electrical cutoff frequency is then estimated as 𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 ≈ [2𝜋(𝜏𝑎 + 𝜏𝑝)]
−1
. For all 
of the photonic crystal VCSELs measured, we find that the capacitance is dominated by 𝐶𝑎 (see Table 4) and 
[𝑅𝑎||(𝑅𝑠 + 𝑍0)] ≈ 𝑅𝑎 at small 𝑅𝑎. This allows estimating 𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 ≈
1
2𝜋𝜏𝑎
=
1
2𝜋𝑅𝐶
, which is the equivalent cutoff of 
a simple RC filter. Diffusion capacitance 𝐶𝑎  is expected to increase with resonant frequency, which increases with 
injection current, as shown in Fig. 10. The values listed in Table 3 indicate extracted parameters at the highest 
injection current for each respective device.   
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Table 3: 𝑆11 Fitting results. 
photonic crystal pattern 
2 
 
3 
 
4 
 
5 
 
6 
 
7 
 
𝑪𝒑 (fF) 116.86 115.53 104.95 110.32 106.74 103.34 
𝑪𝒂 (pF) 7.09 5.64 27.40 28.98 12.13 16.75 
𝑹𝒂 (Ω) 5.58 6.19 2.48 2.44 3.99 3.67 
𝑹𝒔 (Ω) 55.93 56.32 36.49 42.36 42.56 36.27 
𝑹𝒂 + 𝑹𝒔 (Ω) 61.50 62.50 38.97 44.80 46.56 39.94 
𝒇𝒓𝒄 (GHz) 3.92 4.41 2.37 2.10 3.29 2.59 
 
Table 4: Comparison of extracted parameters, differential resistance and parasitic frequency, between DC, 𝑆11, and 𝑆21 
measurements. Differential resistance is shaded in light blue and parasitic frequency is shaded light green. 
photonic crystal pattern  
2 
 
3 
 
4 
 
5 
 
6 
 
7 
 
[DC measurement] Differential Resistance 
(Ω) 
66.6 62.4 38.5 45.5 43.5 42 
[𝑺𝟏𝟏 fit] 𝑹𝒂 + 𝑹𝒔 (Ω) 61.5 62.5 39.0 44.8 46.6 39.9 
[𝑺𝟏𝟏 fit] 𝒇𝒓𝒄 (GHz) 4 4 2 2 3 3 
[𝑺𝟐𝟏 fit] Parasitic Pole 𝒇𝒅 (GHz) 3 3 3 4 4 4 
 
 
4.3 MODULATION RESPONSE FITTING 
 
The dynamics of photon-carrier resonance of photonic crystal VCSELs is studied using small signal modulation 
response 𝑆21. The 𝑆21 parameter fitting is done using the parasitic transfer function [36] with an added diffusion 
capacitance term [41] as discussed previously. The OriginPro fitting function for Eq. 19 is given in the Appendix. 
The extracted parameters are 𝑓𝑟 , 𝑓𝑝, 𝑓𝑑, and 𝛾, which are the resonance frequency, RC parasitic cutoff frequency, 
diffusion parasitic cutoff frequency, and damping rate, respectively. The full transfer function, with added electrical 
parasitic pole due to the RC filter 𝑓𝑝 and diffusion capacitance 𝑓𝑑 is derived in Chapter 3 and restated here as 
 |
𝑀(𝑓)
𝑀(0)
|
2
=
1
1 + (𝑓/𝑓𝑑)
∙
1
1 + (𝑓/𝑓𝑝)
2 ∙
𝑓𝑟
4
(𝑓𝑟2 − 𝑓2)2 + (𝛾/2𝜋)2 ∙ 𝑓2
.  (19) 
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  (a)    (b)     (c) 
Figure 12: Example measurements from photonic crystal VCSELs with design 6 and photonic crystal pattern 5, 6, and 7 for (a) 
𝑆21 versus frequency and fitted curves; (b) 3 dB cutoff frequency and resonance frequency; and (c) damping factor vs resonance 
frequency squared. Solid lines in (b) and (c) indicate linear fits. 
 
Various parameters related to the modulation characteristics, as discussed below, are given in Table 5 for 
photonic crystal VCSELs with design 6 and photonic crystal patterns 5, 6, and 7. Resonance frequency 𝑓𝑟 
determines the resonance peak of modulation response 𝑆21 (see Fig. 12(a)). The damping factor 𝛾 strongly 
influences the height of the resonance peak and roll-off. The extracted value of 𝛾 is used to calculate the K-factor 
and damping offset 𝛾0 (see Fig. 12(c)). The K-factor is calculated as the slope of the linear fit of 𝛾 vs. 𝑓𝑟
2 and 𝛾0 is 
found from the y intercept. This allows calculation of maximum intrinsic cutoff frequency 𝑓3𝑑𝐵,𝑑𝑎𝑚𝑝𝑖𝑛𝑔 as stated by 
Eq. 3. The parasitic cutoff frequency 𝑓𝑝 is the RC filter response due to parasitic resistive and capacitive elements. 
The parasitic cutoff frequency strongly influences the roll-off of modulation response. The additional parasitic pole 
𝑓𝑑 is cutoff frequency due to lateral diffusion and diffusion capacitance across the p-n junction. Diffusion parasitics 
affect the dip in modulation response at low frequency, as well as the roll-off at high frequency. The 𝑆21 fitting finds 
𝑓𝑝 to be on the order of 1×10
28 GHz, which clearly makes a parasitic pole due to pad capacitance negligible. For 
this reason, 𝑓𝑝 is not shown in Table 5. Instead, diffusion parasitics are found to be the dominating parasitic for high 
speed modulation. Through comparison, the diffusion parasitic 𝑓𝑑 is found to be within 1-2 GHz of the electrical 
cutoff frequency 𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 , which was calculated from electrical modeling of 𝑆11(see Table 3). The consistency 
between results of two individual analysis suggests accuracy of the extracted parameters.  
The additional figures of merit of 3 dB cutoff frequency, modulation current efficiency factor, and D-factor 
are found from 𝑆21 measurements. The 3 dB cutoff frequency 𝑓3𝑑𝐵 is measured at the point modulation response 
falls to -3 dB (50%) of its DC value (see dashed line in Fig. 12(a)). The modulation current efficiency factor 
(MCEF) and the D-factor are extracted from their respective linear fits of 𝑓3𝑑𝐵 and 𝑓𝑟 vs. square root of bias current 
over threshold (see Fig. 12(b)). These related parameters quantify the rate of increase in bandwidth as current is 
increased. Since the max intrinsic bandwidth is still well above measured 𝑓3𝑑𝐵 (see Table 5), the photonic crystal 
VCSEL is not intrinsically limited. 
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Table 5: Parameters extracted from 𝑆21 fitting. 
Photonic crystal pattern 
2 
 
3 
 
4 
 
5 
 
6 
 
7 
 
K-factor (ns)  0.15 0.21 0.11 0.20 0.29 0.21 
Damping offset (ns-1) 11 7 13 9 5 10 
D-factor (GHz/mA1/2) 3.6 3.4 3.1 3.7 3.2 3.5 
MCEF (GHz/mA1/2) 4.3 4.2 3.8 4.4 4.0 4.2 
Max resonance 𝒇𝒓 (GHz) 11 11 10 13 12 13 
Parasitic Pole 𝒇𝒅 (GHz) 3 3 3 4 4 4 
Max Modulation 𝒇𝟑𝒅𝑩 (GHz) 13 13 12 14 14 15 
Max intrinsic BW (GHz) 42 74 89 24 20 23 
 
4.4 ANALYSIS AND DISCUSSION 
 
For further increase of the modulation bandwidth, several approaches are suggested from our analysis. Perhaps the 
largest focus should be placed on reducing electrical parasitics. The 𝑆11 and 𝑆21 results suggest the junction 
capacitance 𝐶𝑎 to be the largest contributing factor. This capacitance has at least two contributions: lateral diffusion 
of carriers from the contacts into the un-implanted cavity which supports the optical mode, and conventional 
diffusion of carriers across the p-n junction under forward bias. Lateral diffusion capacitance of photonic crystal 
VCSELs was studied previously [42]. The conclusion from our earlier work was that the source of diffusion 
capacitance was the large difference between current aperture (defined by the ion implant) and the optical aperture 
(defined by the photonic crystal). Values from Table 1 indeed show that for the VCSELs studied here, the current 
aperture is > 4 μm bigger than optical aperture [42], although the top electrical contact is intentionally positioned to 
overlap the implant aperture. Nevertheless, lateral diffusion capacitance could be reduced by increasing optical 
aperture, through further reduction of the diameter of inner holes, or by further reducing implant diameter. The latter 
modification may be challenging due to the inherent lateral straggle accompanying the ion implantation (which 
tends to reduce the optical cavity diameter as compared to the implant mask) as well as creating higher current 
density. In addition to lateral diffusion capacitance, there is also the diffusion capacitance across the forward bias p-
n junction. This could be improved by reducing the thickness of the cavity [43] by employing the so called “half-𝜆” 
cavity [22]. 
Since ion-implanted photonic crystal VCSELs are studied to determine their suitability to replace oxide-
confined VCSELs in data communication, electrical parasitics of the two methods should be compared. With ion 
implanted photonic crystal VCSEL junction capacitance values on the order of 10 pF, oxide-confined VCSEL [46] 
junction capacitance values are found to be two orders of magnitude lower. For oxide-confined VCSELs, junction 
capacitance increases with increasing aperture size from 117 fF to 192 fF for oxide apertures of 4.5 μm to 9.0 μm 
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respectively. From the simple perspective of Fig. 6, the oxide-confined VCSEL greatly benefits from the fact that 
the lateral current density and the optical intensity profile overlap nearly perfectly. Due to the smaller optical cavity 
diameter determined by the oxide apertures involved, however, series resistance of oxide-confined VCSELs is 
approximately double that of the ion-implanted photonic crystal VCSELs characterized in this work.  For oxide-
confined VCSELs, capacitance can be further lowered by adding additional oxide layers while the aperture size can 
be optimized for the lowest RC constant. In contrast, for ion-implanted photonic crystal VCSEL, junction 
capacitance due to diffusion capacitance is a function of the difference between current aperture and optical 
aperture. Hence, for ion-implanted photonic crystal VCSELs, large aperture devices with a low RC constant may be 
possible. If nonuniformity in current density and the optical intensity profile can be minimized, while retaining 
transverse mode control, ion-implanted photonic crystal VCSELs may achieve higher modulation bandwidth. While 
another route may be to the reduce aperture sizes, the eventual problem of high current density and reliability will 
limit performance.  
24 
 
CHAPTER 5 
CONCLUSION 
 
5.1 FUTURE WORK 
 
Improvements and future designs for further study are proposed for increased modulation bandwidth from ion-
implanted photonic crystal VCSELs. Focus is placed on reducing the RC constant by reducing parasitic capacitance, 
while still maintaining the single mode emission. Diffusion capacitance can be decreased by reducing nonuniformity 
of carrier distribution and/or reducing the difference between the current and optical aperture diameters. Figure 13 
depicts an example design with a reduced difference between the current and optical apertures by decreasing implant 
aperture and contact aperture while using smaller and shifted inner holes similar to photonic crystal pattern 6.  
 
Figure 13: Mask sketch of proposed high speed ion-implanted photonic crystal design with reduced size difference between the 
optical and implant apertures. 
 
The current density and optical intensity distributions may be most sensitive to the inner hole parameters. 
Thus, an optimization study could be conducted with various inner hole diameters and shifted positions as 
demonstrated in Fig. 14. To recall, the photonic crystal pattern provides single mode operation by creating an index 
contrast that defines transverse optical modes. In addition, the higher order modes that overlap the holes will be 
scattered strongly. Thus, the position and size of the inner holes must be optimized for both confinement and 
scattering mechanisms simultaneously.   
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Figure 14: Mask sketch of proposed study of various inner hole diameters and positions. 
 
5.2 SUMMARY 
In summary, we have studied the DC and modulation properties of ion-implanted photonic crystal VCSELs emitting 
nominally at 850 nm. We have specifically examined modified photonic crystal designs intended for increasing the 
output power and decreasing the electrical and optical parasitics. Using device parameter extraction from scattering-
parameter small signal analysis, we can compare our modified designs to prior high-speed VCSEL performance. For 
improved modulation, focus should be placed on dramatically reducing the RC time constant from electrical 
parasitics. Analysis suggests that high speed modulation of these implanted VCSELs is limited by parasitic diffusion 
capacitance, which has been found to be as high as 30 pF. Differential resistance is found to be 30-70 Ω. Comparing 
the different photonic crystal patterns, we find that designs with reduced inner hole diameter show overall better 
performance. Further studies should be performed on high temperature performance, large signal performance, and 
various inner hole designs of photonic crystal VCSELs.   
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APPENDIX: MODULATION RESPONSE FITTING FUNCTION 
OriginPro 2016 (OriginLab, Northampton, MA) FDF file for fitting function of Eq. 16 
 
[General Information] 
Function Name = S21_more_capacitance 
Brief Description = fitting function of S21 using diffusion parasitics and RC parasitics  
Function Source = N/A 
Number Of Parameters = 6 
Function Type = User-Defined 
Function Form = Expression 
Path =  
Number Of Independent Variables = 1 
Number Of Dependent Variables = 1 
Function Model = Explicit 
[Fitting Parameters] 
Names = A,C,fp,fr,d,fc 
Initial Values = 2(F),0.36(F),6.45e+028(F),11200000000(V),41100000000(V),5600000000(V) 
Meanings = ?,?,?,?,?,? 
Lower Bounds = --(I, Off),--(I, Off),0(I, On),0(I, On),0(I, On),0(I, On) 
Upper Bounds = --(I, Off),--(I, Off),--(I, Off),--(I, Off),--(I, Off),--(I, Off) 
Naming Method = User-Defined 
Number Of Significant Digits = 0,0,0,0,0,0 
Unit = ,,,,, 
Format = --,--,--,--,--,-- 
CustomDisplay = --,--,--,--,--,-- 
[Independent Variables] 
x =  
[Dependent Variables] 
H =  
[Formula] 
A*10*log(sqrt((1/(1+(x/fc)))*(1/(1+(x/fp)^2))*(fr)^4/(((fr)^2-x^2)^2+(x/(2*3.14))^2*(d)^2)))+C 
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[Constraints] 
[Initializations] 
[After Fitting] 
[Constants] 
[Controls] 
General Linear Constraints = 0 
Initialization Scripts = 0 
Scripts After Fitting = 0 
Number Of Duplicates = N/A 
Duplicate Offset = N/A 
Duplicate Unit = N/A 
Generate Curves After Fitting = 1 
Curve Point Spacing = Uniform on X-Axis Scale 
Generate Peaks After Fitting = 1 
Generate Peaks During Fitting = 1 
Generate Peaks with Baseline = 1 
Paste Parameters to Plot After Fitting = 1 
Paste Parameters to Notes Window After Fitting = 1 
Generate Residuals After Fitting = 0 
Keep Parameters = 0 
Compile On Param Change Script = 1 
Enable Parameters Initialization = 1 
Treat All Numbers As Double = 1 
[Compile Function] 
Compile = 0 
Compile Parameters Initialization = 1 
OnParamChangeScriptsEnabled = 0 
[Parameters Initialization] 
//Code to be executed to initialize parameters 
[Origin C Function Header] 
[Origin C Parameter Initialization Header] 
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[Derived Parameter Settings] 
Unit =  
Names =  
Meanings =  
[QuickCheck] 
x=1 
A=2 
C=0.36 
fp=6.45E28 
fr=1.12E10 
d=4.11E10 
fc=5.6E9 
 
